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While research shows that adults attend to both segmental and suprasegmental regularities
in speech, including syllabic transitional probabilities as well as stress and intonational
patterns, little is known about how statistical learning operates given input from tonal
languages. In the current study, we designed an artiﬁcial tone language to address several
questions: can adults track regularities in a tonal language? Is learning enhanced by previous
exposure to tone-marking languages? Does bilingualism affect learning in this task? To
address these questions, we contrasted the performance of English monolingual adults
(Experiment 1), Mandarin monolingual and Mandarin–English bilingual adults (Experiment
2), and non-tonal bilingual adults (Experiment 3) in a statistical learning task using an artiﬁcial
tone language.The pattern of results suggests that while prior exposure to tonal languages
did not lead to signiﬁcant improvements in performance, bilingual experience did enhance
learning outcomes. This study represents the ﬁrst demonstration of statistical learning
of an artiﬁcial tone language and suggests a complex interplay between prior language
experience and subsequent language learning.
Keywords: statistical learning, tonal language, bilingualism, word segmentation, artificial language
INTRODUCTION
An important component of learning a new language is segment-
ing words from the speech stream. Such initial learning can be
accomplished by using the statistical regularities in ﬂuent speech
to determine the boundaries of novel word forms, alongwith other
types of diagnostic cues such as pauses and reliable stress patterns.
In speech, sounds that co-occur often are likely to comprise part
of a single word, whereas rare sound sequences are likely to mark
transitions between words. Both infants and adults are able to
track this statistical information and use it to identify novel word
forms in an unfamiliar language (e.g., Saffran et al., 1996a,b, 1999;
Ludden and Gupta, 2000; Thiessen and Saffran, 2003; Newport
and Aslin, 2004). Moreover, sensitivity to the statistical regularity
between syllables (transitional probability, TP) is not only man-
ifested at the segmental level (i.e., vowels and consonants), but
is also evident at the suprasegmental level for both the linguistic
and musical domains (Saffran et al., 1999; Saffran, 2003b; Creel
et al., 2006; Thiessen and Saffran, 2007; Schön et al., 2008; Hay
and Saffran, 2012).
Though research has shown that people can track statistical reg-
ularities of syllabic contrasts, prior studies have not investigated
languages that rely on tones as integral aspects of lexical repre-
sentations. Tonal languages are estimated to comprise 60–70%
of the world’s languages (Yip, 2002). In syllable–tone languages,
pitch variations function in a phonemic manner to distinguish
lexical meanings at the syllabic level; these languages therefore
employ lexical tones or pitch variations to denote different mean-
ings at the suprasegmental level (e.g., Yip, 2002; Burnham and
Mattock, 2007). These pitch contrasts occur regardless of their
syntactic or morphological status. In the case of Mandarin Chi-
nese, depending on the pitch contours, the four citation tones
in Mandarin can be categorized as either high-level, low-rising,
low-dipping, or high-falling – a syllable /pa/ can mean “eight,”“to
pull,” “to hold,” or “dad” when carrying these respective tones.
Pitch variations are therefore linguistically meaningful in syllable
tonal languages because they determine the semantic meaning of a
syllable. However, it is currently unclear how cues to word bound-
aries are weighted in languages that utilize both segmental and
suprasegmental information.
There is a general sense that the spoken sound of a tonal lan-
guage is markedly different from non-tonal languages. Even if a
sentence in a non-tonal language is sung, it is not likely to approx-
imate the variations of pitch and tonal contours over individual
syllables that are typical of tonal languages. A possible explanation
for this phenomenon is that while a sung syllable typically occurs
on a single pitch rather than a continuous pitch contour, a tonal
syllable includes information about both pitch height (fundamen-
tal frequency, or F0) and pitch contour, which can take on either
level, rising, falling, or dipping shapes. Adult learners can track reg-
ularities between pure tones (Saffran et al., 1999; Saffran, 2003a)
as well as sung sequences where a pure tone is super-imposed on
a syllable (Schön et al., 2008). In tonal languages like Mandarin,
however, pitch variations are used contrastively for lexical mean-
ing and are truly foreign acoustic cues to the ears of non-tonal
speakers (Peabody and Seneff, 2009).
To date, the stimuli used in statistical language learning studies
have been based on the phonotactics of Indo-European languages,
and have not incorporated the linguistic properties of lexical
tones. In the current set of experiments, we designed an arti-
ﬁcial tone language that resembles syllable–tone languages such
as Mandarin and Cantonese in order to examine the process of
word segmentation in a tonal context. By utilizing a linguistic cue
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that differs signiﬁcantly from Indo-European phonological struc-
ture, the artiﬁcial tone language simulates a tonal language by
providing linguistic regularities at both the suprasegmental and
the segmental level. This design also provides an informative test
case for assessing adults’ statistical learning ability in processing
languages that are typologically different from Indo-European
languages. Researchers have intentionally manipulated supraseg-
mental information in their word segmentation tasks, including
stress, intonation, and musical tones (Johnson and Jusczyk, 2001;
Thiessen and Saffran, 2003, 2007; Schön et al., 2008). Moreover,
learners employ language-speciﬁc segmentation strategies that are
dependent upon the prosodic organization of a particular lan-
guage (e.g., Nazzi et al., 2006; Shukla et al., 2007; see Nazzi et al.,
2014 for a discussion), such that their prior language knowl-
edge impacts subsequent statistical learning (Finn and Hudson
Kam, 2008; Shukla et al., 2011; Lew-Williams and Saffran, 2012).
Though such results suggest that there will be differences between
tonal and non-tonal speakers in a word segmentation task, the role
of lexical tones – a key property that is present in over two-thirds of
the worlds’ languages – has not been investigated in prior studies.
While English speakers are able to successfully track statis-
tical properties of languages that range from syllabic artiﬁcial
languages to natural Italian (Saffran et al., 1996a; Pelucchi et al.,
2009), a signiﬁcant amount of language experience may be nec-
essary before they are able to segment tonal speech. Therefore,
the current studies were designed to determine whether prior
experience with lexical tones is necessary for adults to segment
a tonal language, or whether other non-tonal linguistic experi-
ence could also facilitate tonal statistical learning. To begin to
address these questions, Experiment 1 examined monolingual
English-speaking participants’ performance in a tone–language
statistical learning task. Crucially, the materials were created such
that the syllable-level statistics and the tonal-level statistics both
provided strong and redundant cues to word boundaries. As they
utilized stimuli bearing limited similarity to the features of tonal
cues, previous studies have shown that the extraction of linguis-
tic information is enhanced when stress patterns coincide with
word boundaries (Myers et al., 1996) and also when a speech
is sung (Schön et al., 2008), thus suggesting a facilitating role
of redundant suprasegmental information. In addition to being
a key characteristic of tonal languages, incorporation of lexical
tones in experiment stimuli promises to offer further insights
into the inﬂuence of redundant segmentation cues in statistical
learning.
If English monolinguals can make use of the syllable-level
statistics and/or the tonal-level statistics, they should succeed at
the task. However, if the presence of the unfamiliar tonal structure
distracts learners from detecting the syllable-level structure, these
materials may be more difﬁcult for English speakers to acquire
than the materials used in prior statistical language learning tasks.
EXPERIMENT 1
In Experiment 1, monolingual English adults participated in a
statistical learning task, where they were exposed to an artiﬁcial
tonal language followed by a forced-choice test (e.g., Saffran et al.,
1996a). Compared to prior studies, the artiﬁcial language was rel-
atively simple, containing only three trisyllabic words, with two
redundant cues to word boundaries (syllable-level statistics and
tonal-level statistics). Participants were then tested using a forced-
choice design contrasting words versus non-words – sequences
of syllable/tone pairs that were reordered relative to the expo-
sure language. Importantly, both types of test items – words and
non-words – maintained the trained correspondences between
individual syllables and tones. The differences between the test
items lay in their sequential statistics at both the syllable and
tonal level. The question of interest was whether participants
would learn enough about the structure of the artiﬁcial tonal
language to successfully distinguish between test words and non-
words. The speech stream provided identical regularities at both
the syllabic and the tonal tiers. Thus, learners could track the syl-
lables alone, the tonal regularities alone, or the two together, as in
tonal languages. Given that syllable regularities in the absence of
tones are readily acquired by English-learning adults (e.g., Saffran
et al., 1996a), we expected that our participants would successfully
acquire the artiﬁcial tonal language.
METHOD
Participants
Twenty-four Englishmonolingual students at aMidwest university
with self-reported normal hearing participated in the experiment.
All participants in Experiment 1 and the subsequent experiments
provided informed consent in accordance with the University IRB.
Participants received extra credit in a psychology course in which
they were enrolled. Data from two additional participants were
excluded from the analysis due to experimenter error (1) or failure
to follow directions (1).
Materials
The artiﬁcial language consisted of two tiers: syllables and tones.
From the material used in the language created by Saffran et al.
(1996a), we chose nine syllables (ta, tu, ti, da, du, di, ba, bi,
gu) to incorporate into our design. For the tonal tier, three tonal
contours (rising, level, falling) were paired with three F0 start-
ing points (register; high, middle, low), resulting in nine tones
in total (e.g., high rising, middle falling, low level). To construct
the nine tones employed in this language, we surveyed tonal lan-
guages that use tones at the syllabic level to form contrastive lexical
meaning. In these tonal languages, the span of F0 was suggested
to be 87–308 Hz in the case of female speakers (Connell, 2002;
Keating and Kuo, 2012), and 10–100 Hz for an individual tone
(Lee et al., 2006). Using these distributions, we speciﬁed nine
tones (see Table 1). Using the starting and ending points of F0,
we synthesized nine pure tones using the Mbrola speech syn-
thesizer (http://tcts.fpms.ac.be/synthesis/mbrola.html). The three
tonal contours and the three tonal registers we used in our stimuli
are present in natural tone languages. The stimuli were recorded
by a female native English speaker who does not speak a tonal
language. She has perfect pitch and music performance train-
ing. She was asked to listen to the synthesized pure tones and
“sing” out the same tones with the nine syllables. The recording
was conducted one tonal syllable at a time. All tonal sylla-
bles were further edited in Adobe Audition to be matched in
length (500 ms) and amplitude, while preserving their original
pitches.
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Table 1 | Range of F0 (Hz) for all nine tones.
Register height High Middle Low
Contour shape Start End Start End Start End
Rising 250 330 200 250 150 200
Level 250 250 200 200 150 150
Falling 250 200 200 150 150 50
Considering that the relation between perception of tones and sound frequencies
is not linear, the spread of frequencies for the three registers are 130 Hz (H),
100 Hz (M), and 150 Hz (L). Two native tonal speakers show good discriminatory
ability in response to the tonal stimuli.
To control for arbitrary listening preferences during testing,
two counterbalanced conditions of the language were constructed;
the non-words in condition A were words in condition B and
vice versa. For condition A, the aforementioned syllables and
tones were then uniquely paired with one another to create
three trisyllabic words: tadugu, bidatu, tibadi. As such, the
speech stream consisted of three trisyllabic tonal words, and
the words can be uniquely described by either their syllables or
tones (see Table 2). Each word occurred 30 times, and never
repeated twice in succession. Transitional probabilities from the
syllabic and tonal tiers thus offered identical and redundant
cues to word boundary: 0.5 between words and 1.0 within each
word.
For the test items, the non-words were constructed by
reversing the order of syllables in each word (e.g., a word
whose syllable order was “ti–ba–di” would be rearranged to
produce a non-word “di–ba–ti”), resulting in a within-word
syllabic/tonal TP = 0. The three non-words in condition A
were therefore guduta, tudabi, dibati. The tone/syllable pairings
presented during training were maintained in the test mate-
rials. For instance the syllable ta is always paired with the
high rising tone in words and non-words. Each word was
paired exhaustively with each non-word, resulting in 18 test
trials.
The syllables were concatenated together into a stream, with
10 ms of silence between syllables, using Adobe Audition. There
was no coarticulation between syllables, unlike previous studies
of word segmentation. No additional acoustic cues were inserted
at word boundaries. The stream was presented 13 times during
familiarization, with 390 presentations of each word for a total
duration of 9 min.
Procedure
Participants were instructed that they would be listening to a non-
sense language. They were informed that there were patterns in
this language and that their task was to pay as much attention
to the language as possible. We included these instructions based
on prior results suggesting that adult performance in statistical
learning tasks is enhanced by explicit instructions to attend to the
stimuli (e.g., Saffran et al., 1997; Turk-Browne et al., 2010).
Participants were assigned to one of the two counterbalanced
language conditions: condition A or condition B. After 9 min of
listening during the familiarization phase, participants were tested
using a forced-choice task between words from the language and
non-words. In each test trial, participants heard two trisyllabic
strings (one word and one non-word) separated by 500 ms of
silence. At the end of each trial, participants were asked to indi-
cate which of the two strings sounded more familiar. The order
of presentation of 18 test trials was randomized for each partic-
ipant. After the test phase, participants ﬁlled out questionnaires
concerning their language and musical background.
RESULTS AND DISCUSSION
We ﬁrst compared the two counterbalanced familiarization con-
ditions. A t-test (all t-tests reported are two-tailed) comparing the
accuracy rates from the two counterbalanced languages revealed
no signiﬁcant differences [t(22) = 1.61, p = 0.122], suggesting
that there were no a priori listening preferences for any of the
test words. The two conditions were therefore combined in the
subsequent analyses. A one-sample t-test showed that the English
monolinguals did not perform better than chance (50%) on the
forced-choice test [t(23) = 1.42, p = 0.169], with an average accu-
racy of 0.55 (SE = 0.03). These participants failed to learn the
sequential statistical structure of the tonal artiﬁcial language (see
Figure 1). There was no correlation between participants’ per-
formance and self-reported musical background in Experiment 1
[r(22) = 0.11, p = 0.601].
Given that there is ample research showing that adults can
regularly track either segmental or suprasegmental cues in statis-
tical learning tasks (Saffran et al., 1996a; Saffran, 2003b; Schön
et al., 2008), we had expected this tonal artiﬁcial language to
be relatively easy to learn – it offers two sets of redundant and
equally informative cues (i.e., tonal and syllabic). The failure of
the English monolinguals to discern the statistical properties of
this language was surprising, and suggests that they were unable
to utilize either of the redundant cues toword boundaries available
in these materials.
Table 2 |Words and non-words in condition A and B.
Words Non-words
Condition A Tone HR MF HF ML LF LR MR HL LL HF MF HR LR LF ML LL HL MR
Syllable ta du gu bi da tu ti ba di gu du ta tu da bi di ba ti
Condition B Tone HF MF HR LR LF ML LL HL MR HR MF HF ML LF LR MR HL LL
Syllable gu du ta tu da bi di ba ti ta du gu bi da tu ti ba di
Registers: H, high; M, middle; L, low. Contours: R, rising; L, level; F, falling.
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FIGURE 1 |Average accuracy rate of all four groups.This ﬁgure illustrates
the average percentage correct of the four language groups: in Experiment
1, English monolinguals; in Experiment 2, Mandarin monolinguals and
Mandarin–English bilinguals; in Experiment 3, non-tonal bilinguals.
The results of Experiment 1 suggest that there may be attributes
of these materials that made the task markedly more challeng-
ing than previous statistical learning tasks. One possible factor
that could have given rise to our participants’ difﬁculty in per-
forming this task is the acoustically prominent nature of lexical
tones. Lexical tones are carried by the fundamental frequency
in speech. Though vowel quality and coarticulation may slightly
condition the realization of tones, lexical tones nevertheless exist
at the suprasegmental level, i.e., a tone’s pitch contour and
pitch height can be consistently realized irrespective of segmen-
tal characteristics of the syllable with which they are paired
(Liberman and Pierrehumbert, 1984; Shen, 1992; Cao, 2002;
Liu et al., 2007). In contrast to lexical stress, which can also
change a word’s meaning (e.g., REcord versus reCORD), lex-
ical tone alters meaning in a far more dramatic fashion and
usually results in semantically unrelated lexical items (e.g., /pa/
can mean “eight,” “to pull,” “target,” or “father” depending
on the four tones in Mandarin). Such lexical contrast can-
not be accomplished by any suprasegmental properties inherent
in Indo-European languages. Adult second language learners
with non-tonal linguistic backgrounds frequently report that
tones are the hardest aspect of a tonal language to acquire
(Peabody and Seneff, 2009), suggesting an inherent complexity
of tones as perceived by non-tonal language speakers. Further-
more, in a study looking at tonal discrimination abilities across
languages, native Mandarin speakers outperformed non-tonal
participants in a task requiring them to discriminate between
Thai tones (Wayland and Guion, 2004). That result suggests that
experience with lexical tones in one language facilitates the dis-
crimination of tones in another language, demonstrating the
important role of prior linguistic experience in processing lexical
tones.
Therefore, we hypothesized that previous exposure to a tonal
language might facilitate learning in our tonal statistical learn-
ing task. To address this hypothesis and examine the potential
effect of a more variable language experience on word segmen-
tation in a new language, we next examined the performance
of native Mandarin speakers from the same university commu-
nity as the participants from Experiment 1. These participants
were bilingual in Mandarin and English. While they attended the
same university as the monolingual English-speaking participants
from Experiment 1, these participants differ two ways: exposure
to Mandarin and bilingual status. To control for the latter fac-
tor, we also collected data from a group of monolingual college
students in Mainland China. This group came from a different
country and university setting than the participants in Experi-
ment 1, but share their monolingual status. We thus included two
groups of Mandarin-speaking participants in Experiment 2, bilin-
gual international students in the USA and monolingual students
in Mainland China.
EXPERIMENT 2
As native speakers of Mandarin, a lexical tone language, both the
Mandarin monolinguals and Mandarin–English bilinguals tested
in Experiment 2 are intimately familiar with the properties of
tones. If the failure of monolingual English speakers in Experi-
ment 1 was due to the aural interference produced by lexical tones,
both groups of Mandarin speakers should be able to succeed in
the segmentation task. This experiment also afforded the opportu-
nity to examine the effects of more variable language experiences




Twenty-four monolingual Mandarin speakers and 24 Mandarin–
English bilinguals participated in this experiment. The Mandarin–
English bilinguals were recruited from the same Midwestern
University as the participants in Experiment 1, and received
extra credit in a general psychology course in which they were
enrolled. The Mandarin monolinguals were recruited from a uni-
versity in Mainland China and received monetary compensation.
From the language questionnaire ﬁlled out by participants, all
bilingual Mandarin–English participants reported that they spoke
Mandarin at home, were ﬂuent in English, and used English for
both academic and social purposes on a daily basis. Though the
monolinguals tested in Mainland China reported English expo-
sure for an average of 3–5 h/week from seventh to 12th grade,
they also reported having minimal exposure to English during the
most recent 2 years of their college career. None of the Mandarin
monolinguals reported functional usage of English. Data from six
additional participants were excluded from the analysis because
of experimenter error (2), participant termination of the experi-
ment (2), participant falling asleep (1), and participant-reported
hearing loss (1).
Materials and procedure
The materials and procedure were identical to those used in
Experiment 1.
RESULTS AND DISCUSSION
To examine whether tonal experience facilitates word segmenta-
tion in processing this speech stream, we compared the accuracy
rate of both groups (shown in Figure 1) to chance perfor-
mance using single-sample t-tests (all t-tests two-tailed; effect
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sizes reported for t-tests are Cohen’s d). The Mandarin monolin-
guals successfully discriminated words from non-words as shown
by performance signiﬁcantly better than chance [mean = 0.57,
SE = 0.03; t(23) = 2.18, p < 0.05, d = 3.30]. The Mandarin–
English bilinguals also performed signiﬁcantly better than chance
[mean = 0.68, SE = 0.04; t(23) = 4.28, p < 0.001, d = 6.36].
There was no correlation between participants’ performance and
self-reported musical background for the monolingual Mandarin
group [r(22) = 0.10, p = 0.650] or the Mandarin–English bilin-
gual group [r(22) = −0.05, p = 0.828]. While the Mandarin
monolinguals performed better than chance (unlike the English
monolinguals in Experiment 1), a t-test comparing the Mandarin
andEnglishmonolingual groups suggests that experiencewith lex-
ical tones did not facilitate the detection of structure in the tonal
artiﬁcial language [t(46) = 0.49, p = 0.626].
In order to explore the potential effect of more variable lan-
guage experience on word segmentation in a new language, we
used an independent samples t-test to compare the performance
of two Mandarin-speaking groups. The Mandarin–English bilin-
guals scored signiﬁcantly higher than the Mandarin monolinguals
[t(46) = 2.12, p < 0.05, d = 3.11], suggesting that familiarity
with both Mandarin and English resulted in better learning than
familiarity with Mandarin alone.
These results suggest that being bilingual in Mandarin and
English improves performance in tracking statistical regularities
in a tonal language-learning environment. One possible explana-
tion for these results lies in the phonological structure of the two
languages. Spoken Mandarin words are predominantly disyllabic
(Chu and Qian, 2001), while spoken English words frequently
range from mono- to pentasyllabic (see CELEX; Baayen et al.,
1995; Denes, 2005). Compared to the Mandarin monolinguals,
the Mandarin–English bilinguals’ superior performance on this
task may be due, at least in part, to their experience with multi-
syllabic Englishwords that require tracking of within-wordTPs for
more than two syllables. Since Mandarin speech is disyllabic, the
monolingual Mandarin participants might have found the chunk-
ing of trisyllabic units challenging in the current task. Indeed,
previous research suggests that at least for infants, expectations
regarding word length affect statistical learning: learners expect-
ing trisyllabic words ﬁnd it difﬁcult to detect disyllabic words,
and vice versa (Lew-Williams and Saffran, 2012). If the per-
formance of the Mandarin monolinguals is indeed affected by
their prior experience with word length, the bilinguals might be
better prepared to segment the trisyllabic units from this artiﬁ-
cial language due to their familiarity with tracking units of this
length.
An alternative, though not necessarily contradictory, explana-
tion is that there are beneﬁts associated with being bilingual that
are unrelated to the speciﬁc languages being acquired. Experi-
ence with multiple languages is associated with improved learning
of words’ form-meaning links (Cenoz and Valencia, 1994; Sanz,
2000; Cenoz, 2003; Keshavarz and Astaneh, 2004; Kaushanskaya
and Marian, 2009), and bilinguals outperform monolinguals in
implicit learning tasks (Klein, 1995; Kovács and Mehler, 2009).
Bilingual learning advantages (e.g., phonological working memory,
Papagno and Vallar, 1995; Service et al., 2002; Majerus et al., 2008;
Adesope et al., 2010; inhibitory control, Bialystok, 1999; Bialystok
et al., 2004; Costa et al., 2008; implicit learning, Bartolotti et al.,
2011) may affect the processing of novel speech.
While previous research has shown that bilinguals possess a bet-
ter phonological working memory (Service et al., 2002; Majerus
et al., 2008; Adesope et al., 2010), and that an enhanced capac-
ity for the statistical learning of word forms is correlated with
a well-developed phonological working memory (Misyak and
Christiansen, 2007), it is still unclear how bilinguals will perform
when encountering a novel linguistic cue that is unrepresented in
either of their already-known languages. Thus, in Experiment 3,
we tested a new group of bilingual adults who had no prior expo-
sure to tonal languages in order to determine whether the learning
advantage observed in Experiment 2 for the Mandarin–English
group was due to the speciﬁc languages these participants speak
or to more general factors associated with bilingualism.
EXPERIMENT 3
In order to tease apart the role of bilingualism and prior linguistic
experience, we added a non-tonal bilingual (e.g., two non-tonal
languages such as English and Spanish) group in Experiment
3 to create a 2 (tonal experience) × 2 (bilingualism) factorial
design across the three experiments. If prior linguistic experience
with lexical tonality is required in this task, we should observe a
main effect of tonal experience, such that that the tonal groups
outperform the non-tonal groups. If advantages associated with
bilingualism enhance performance on this task, we should observe
a main effect of bilingualism, such that the non-tonal bilin-
guals tested in Experiment 3 would also be able to succeed in
the word segmentation task (despite their lack of tonal language
experience). The inclusion of the non-tonal bilingual group in
Experiment 3 also affords an opportunity to compare monolin-
gual and bilingual participants from the same university, none of
whom speak a tonal language.
METHOD
Participants
Fifteen college-aged non-tonal bilinguals (e.g., two non-tonal
languages such as English and Spanish) participated in the exper-
iment. All participants were recruited from the same university
as in Experiments 1 and 2 (bilingual group) and reported normal
hearing. Participants received extra credit in a general psychology
course in which they were enrolled. Participants were prescreened
for bilingualism in a mass survey, and reported in the language
background questionnaire that they spoke a non-tonal language
other than English at home, or that they know another language
ﬂuently or natively. The non-tonal languages included Spanish,
Korean, German, Polish, and French (see Table 3 for details).
Materials and procedure
The materials and procedure were identical to those used in
Experiment 1.
RESULTS AND DISCUSSION
As shown in Figure 1, the non-tonal bilinguals performed signiﬁ-
cantly better than chance [mean = 0.66, SD = 0.12; t(14) = 5.13,
p < 0.01, d = 1.89]. Comparing the results from the English
monolingual group from Experiment 1 and the non-tonal bilin-
guals from Experiment 3 to the two Mandarin-speaking groups
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Table 3 | Language and musical background of four groups of participants.
English monolinguals Mandarin monolinguals Mandarin–English bilinguals Non-tonal bilinguals
L2 proﬁciency (scale 1–7) 3.17 (0.14) 2.33 (0.18) 5.63 (0.15) 6.07 (0.12)
L2 frequency of use (%) 19.17 (1.46) 13.33 (1.97) 55.42 (1.59) 34.67 (3.89)
Musical training (years) 5.35 (0.61) 1.25 (0.44) 4.17 (0.59) 3.93 (0.71)
Means and SE (in parentheses). L2 spoken by the non-tonal bilinguals include the following: Spanish (6), English (4), Korean (1), French (1), Polish (1), German (1),
Japanese (1). Other than the 4 English-as-an L2 speakers (whose L1 was Korean), all other non-tonal bilinguals’ L1 was English. Although some Gyeongsang Korean
dialects are considered tonal, most Korean dialects as well as standard Korean are not. None of the Korean speakers spoke the tonal dialects. All monolingual Chinese
subjects are from the Mandarin dialect group.
from Experiment 2, the main effect of Tonal Experience was
not signiﬁcant [F(1,83) = 0.68, p = 0.41]. However, a com-
parison between the two bilingual groups (Mandarin–English
bilinguals fromExperiment 2 andnon-tone bilinguals fromExper-
iment 3) and the two monolingual groups (English monolinguals
fromExperiment 1 andMandarinmonolinguals fromExperiment
2) reveals that the main effect of Bilingualism was signiﬁcant
[F(1,83) = 9.52, p < 0.05, d = 0.64]; the bilingual partici-
pants outperformed the monolingual participants. There was also
an interaction among the groups [F(3,83) = 3.258, p < 0.05,
η2 = 0.105]. Independent samples t-tests with Bonferroni cor-
rection showed that the non-tone bilinguals’ accuracy rate on
the word segmentation task was higher than their monolingual
English-speaking peers [t(37) = 2.28, p < 0.025, d = 1.20], but
not higher than the monolingual Mandarin group [t(37) = 1.87,
p = 0.07] or the Mandarin–English bilinguals [t(37) = 0.3
p = 0.76]. This pattern of results suggests that while being bilin-
gual improves performance in this task, it does not lead to better
performance than does cue-speciﬁc linguistic knowledge acquired
from prior experience with tonal languages. There was no correla-
tion between participants’ performance and self-reported musical
background for the non-tonal bilingual group [r(13) = 0.34,
p = 0.22].
GENERAL DISCUSSION
In this series of experiments, we tested four groups of participants
fromvarying linguistic backgrounds in a tonal statistical language-
learning task. Without any prior experience with tones, an English
monolingual group failed to perform above chance (Experiment
1), suggesting a difﬁculty in processing these two redundant sta-
tistical cues. To further examine the prominence of tonal cues, we
then tested two groups of Mandarin speakers: Mandarin mono-
linguals and Mandarin–English bilinguals (Experiment 2). Both
tonal language groups succeeded in discriminating words from
non-words, though tonal experience did not lead to statistically
better performance in the task relative to the English learners
from Experiment 1. Additionally, the bilingual Mandarin–English
speakers outperformed their Mandarin monolingual peers, as well
as the English monolinguals. Given previous ﬁndings regarding
the advantages associated with being bilingual, we then tested a
non-tonal bilingual group in order to tease apart the inﬂuence
of bilingualism versus cue-speciﬁc linguistic experience on the
ability to extract regularities from this tonal artiﬁcial speech stream
(Experiment 3). Results from the non-tonal bilinguals suggest
that bilingualism alone does facilitate statistical learning in this
task.
The present study allows us to investigate the separate and com-
bined inﬂuences of bilingualism and prior linguistic experience
(here, with tonal languages) on statistical learning. While previ-
ous research suggests that bilingualism facilitates learning another
language (Cenoz and Valencia, 1994; Sanz, 2000; Cenoz, 2003;
Keshavarz and Astaneh, 2004; Kaushanskaya and Marian, 2009),
in the current study we found that the speciﬁc types of linguistic
cues present in previous bilingual experience also play a promi-
nent role in one’s ability to track regularities in a new linguistic
environment.
Mandarin–English bilinguals in Experiment 2 were the most
successful group that we tested. While the Mandarin monolin-
guals tested in Experiment 2 had little experience with words
longer than two syllables, and the English monolinguals tested
in Experiment 1 had no prior experience with lexical tones,
the Mandarin–English bilinguals were highly familiar with both
tonal cues as well as a wider span of possible word lengths due
to their daily usage of English. The fact that this group out-
performed the two monolingual groups suggests that previous
linguistic experiences matching the characteristics of the new
language (here, word length) may improve learning outcomes.
Bidelman et al. (2013) suggest that speakers of tone languages
could outperform speakers of non-tonal languages in a series
of cognitive tasks, implying that a tonal linguistic background
may have also contributed to the Mandarin–English bilinguals’
superior performance.
However, there was no signiﬁcant difference between the per-
formance of the non-tonal bilinguals tested in Experiment 3 and
the Mandarin–English bilinguals tested in Experiment 2, suggest-
ing another possible explanation for our pattern of results: there
are beneﬁts associated with being bilingual that facilitated learn-
ing in this task. Comparing the non-tonal bilinguals to the English
monolinguals, we see that even though neither group had previous
linguistic experience with tonal cues, the non-tonal bilinguals still
identiﬁed the words more reliably than the English monolinguals.
Surprisingly, they performed as well as the Mandarin monolin-
guals who already had experience navigating tones that are part of
their native linguistic repertoire. These results suggest that while
experience with particular linguistic cues facilitates learning a new
language, bilingualism also contributes to a comparatively suc-
cessful learning outcome. Thus, even though the monolingual
Mandarin speakers and the non-tonal bilingual group performed
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the task with similar rates of success, the current study does not
address whether or not they employed the same cue-weighing
strategies or whether they paid attention to the same set of cues in
this statistical learning task.
The ability to learn novel forms in a new sequence or pat-
tern of information via statistical regularities may be indirectly
improved by previous bilingual experience. General advantages
associated with bilingualism in this context have long been pos-
tulated. Bilinguals may develop a more effective implicit learning
mechanism thanmonolinguals as the result of acquiring the words
and grammar of multiple languages (Nation and McLaughlin,
1986). This increased efﬁciency may also contribute to bilinguals’
improved incidental learning of word forms while listening to
speech.
Another consequence of bilingualism for cognition is an
improved phonological working memory (Service et al., 2002;
Majerus et al., 2008; Adesope et al., 2010) that results from acquir-
ing and processing a large vocabulary that extends across multiple
languages. An enhanced capacity for the statistical learningof word
forms is correlated with a well-developed phonological working
memory (Misyak and Christiansen, 2007), suggesting that phono-
logical working memory can be used to retain large chunks of
speech in memory long enough for the transitions between syl-
lables to be compared. In addition, working memory may help
to update the relative frequency of different syllabic transitions.
Based on statistical patterns in speech, likely word candidates can
be identiﬁed and transferred from working memory to long-term
memory. According to this view, bilinguals should thusbe expected
to outperform monolinguals in the statistical learning of word
forms in a novel language due to the development of a superior
phonological working memory.
Additionally, bilingualism has also been shown to confer better
inhibitory control (Bialystok, 1999; Bialystok et al., 2004; Costa
et al., 2008). Considering the fact that our tonal artiﬁcial language
provided strong redundant statistical cues (i.e., tonal and syllabic),
a small lexicon of just three words, and a very straightforward test
contrast between words and non-words, it was surprising that
English monolinguals showed no evidence of learning. It is pos-
sible that the non-tonal bilinguals may possess a greater degree of
ﬂexibility: they may either be able to pay attention to both tonal
and syllabic cues or be able to exhibit better inhibitory control
and therefore not be distracted by the novel tonal cues. Either of
these two possible alternatives could explain the link between their
performance and executive functions.
Relatedly, research has also shown that the listener’s language
experience affects later statistical learning (e.g., Shukla et al., 2007,
2011), and may also result in different cue-weighting strategies
(Toro et al., 2009; Tyler and Cutler, 2009). Therefore, the identical
statistical regularities provided by the tonal and the syllabic tiers
may be treated differentially by monolinguals versus bilinguals.
For the Englishmonolinguals in particular, it is possible that rather
than functioning as redundant cues and thus facilitating word
segmentation, the tonal and syllabic information interfered with
each other, resulting in a “more is less” learning situation.
To summarize, our ﬁndings suggest that there are advantages
conferred by bilingualism in the learning outcome of novel word
forms. Though there also seems to be a likelihood that conﬂuence
between previous linguistic experience (here, word length) and
the characteristics of the new language can facilitate such learning
as well, the originally hypothesized role of tonal experience was
not supported by the results. To date, there has been much atten-
tion paid to the link between bilingual experience and executive
control (e.g., inhibitory control, task switching, task monitoring,
response suppression), whereas little discussion has focused on
how speciﬁc elements of previous linguistic experience may inter-
act with features of a new language – at least during the initial
stages of the learning process. By employing an artiﬁcial language
designed to approximate a speciﬁc set of linguistic features, the
results suggest that both familiarity with speciﬁc forms of linguis-
tic cues and bilingual experience can affect success in word-form
learning. When prior linguistic experience fails to provide learners
expectations concerning the cues particular to the language to be
learned, bilingualism can facilitate learning in this word segmen-
tation task. There are, however, signiﬁcant limitations associated
with utilizing an artiﬁcial language. Though prior artiﬁcial lan-
guage ﬁndings have been subsequently conﬁrmed with natural
language studies (e.g., Pelucchi et al., 2009), ecological validity is
always a concern in artiﬁcial designs. Future work is needed to
not only investigate and isolate the speciﬁc mechanisms of bilin-
gualism that underlie this facilitating effect, but also validate these
hypotheses and results while employing natural tonal materials.
It will also be of great interest to manipulate the test materials to
determine whether the successful learners relied more heavily on
the tonal-level statistics, the syllable-level statistics, or the conﬂu-
ence between the two. Examining the role of inhibitory control as
well as phonological working memory in this context will also be
essential for a more complete understanding the role of bilingual
experience.
In conclusion, learning about statistical regularities in speech is
not just about tracking whatever cues happen to be available. The
present study demonstrates the contribution of the speciﬁc lin-
guistic experience with which learners arrive at the lab; the results
are also consistent with the ﬁndings of earlier studies that point
towards learning advantages associated with bilingualism. This
study presents the ﬁrst demonstration of statistical learning of an
artiﬁcial tone language and suggests that there is a complex inter-
play between language experience and language learning, raising
exciting possibilities for future research.
ACKNOWLEDGMENTS
This research was funded by grants from the National Institute
of Child Health and Human Development (to Jenny R. Saffran,
R37HD037466; and the Waisman Center, P30HD03352), and the
James F. McDonnell Foundation (to Jenny R. Saffran). We would
like to thank the participants at the University of Wisconsin–
Madison and Nankai University in China as well as the members
of the Infant Learning Lab. We also thank Henny Yeung, Christine
Potter, and Erica Wojcik for their comments on previous versions
of this manuscript.
REFERENCES
Adesope, O. O., Lavin, T., Thompson, T., and Ungerleider, C. (2010). A systematic
review and meta-analysis of the cognitive correlates of bilingualism. Rev. Educ.
Res. 80, 207–245. doi: 10.3102/0034654310368803
www.frontiersin.org September 2014 | Volume 5 | Article 953 | 7
Wang and Saffran Statistical learning of a tonal language
Baayen, R. H., Piepenbrock, R., and Gulikers, L. (1995). The CELEX Lexical
Database (Release 2). Distributed by the Linguistic Data Consortium, University
of Pennsylvania, Pennsylvania, CA.
Bartolotti, J., Marian, V., Schroeder, S. R., and Shook, A. (2011). Bilingualism
and inhibitory control inﬂuence statistical learning of novel word forms. Front.
Psychol. 2:324. doi: 10.3389/fpsyg.2011.00324
Bialystok, E. (1999). Cognitive complexity and attentional control in the bilingual
mind. Child Dev. 70, 636–644. doi: 10.1111/1467-8624.00046
Bialystok, E., Craik, F. I. M., Klein, R., and Viswanathan, M. (2004). Bilingualism,
aging, and cognitive control: evidence from the Simon task. Psychol. Aging 19,
290–303. doi: 10.1037/0882-7974.19.2.290
Bidelman, G. M., Hutka, S., and Moreno, S. (2013). Tone language speakers and
musicians share enhanced perceptual and cognitive abilities for musical pitch:
evidence for bidirectionality between the domains of language and music. PLoS
ONE 8:e60676. doi: 10.1371/journal.pone.0060676
Burnham, D., and Mattock, K. (2007). The Perception of Tones and Phones.
Amsterdam: John Benjamins, 259–280.
Cao, J. (2002). The relationship between tone and intonation. Zhongguo Yuwen 3,
195–202.
Cenoz, J. (2003). The additive effect of bilingualism on third language acquisition:
a review. Int. J. Biling. 7, 71–87. doi: 10.1177/13670069030070010501
Cenoz, J., and Valencia, J. F. (1994). Additive trilingualism: evidence from the
Basque country. Appl. Psycholinguist. 15, 195–207. doi: 10.1017/S01427164000
05324
Chu, M., and Qian, Y. (2001). Locating boundaries for prosodic constituents in
unrestricted Mandarin texts. Comput. Linguist. Chin. Lang. Process. 6, 61–82.
Connell, B. (2002). Tone languages and the universality of intrinsic F0: evidence
from Africa. J. Phon. 30, 101–129. doi: 10.1006/jpho.2001.0156
Costa, A., Hernández, M., and Sebastián-Gallés, N. (2008). Bilingualism aids
conﬂict resolution: evidence from the ANT task. Cognition 106, 59–86. doi:
10.1016/j.cognition.2006.12.013
Creel, S. C., Tanenhaus, M. K., and Aslin, R. N. (2006). Consequences of lexical
stress on learning an artiﬁcial lexicon. J. Exp. Psychol. Learn. Mem. Cogn. 32, 15.
doi: 10.1037/0278-7393.32.1.15
Denes, P. B. (2005). On the statistics of spoken English. J. Acoust. Soc. Am. 35,
892–904. doi: 10.1121/1.1918622
Finn, A. S., and Hudson Kam, C. L. (2008). The curse of knowledge: ﬁrst language
knowledge impairs adult learners’ use of novel statistics for word segmentation.
Cognition 108, 477–499. doi: 10.1016/j.cognition.2008.04.002
Hay, J. F., and Saffran, J. R. (2012). Rhythmic grouping biases constrain
infant statistical learning. Infancy 17, 610–641. doi: 10.1111/j.1532-7078.2011.
00110.x
Johnson, E. K., and Jusczyk, P. W. (2001). Word segmentation by 8-month-olds:
when speech cues count more than statistics. J. Mem. Lang. 44, 548–567. doi:
10.1006/jmla.2000.2755
Kaushanskaya, M., and Marian, V. (2009). The bilingual advantage in novel word
learning. Psychon. Bull. Rev. 16, 705–710. doi: 10.3758/PBR.16.4.705
Keating, P., and Kuo, G. (2012). Comparison of speaking fundamental fre-
quency in English and Mandarin. J. Acoust. Soc. Am. 132, 1050–1060. doi:
10.1121/1.4730893
Keshavarz,M.H., andAstaneh,H. (2004). The impact of bilinguality on the learning
of English vocabulary as a foreign language (L3). Int. J. Biling. Educ. Biling. 7,
295–302. doi: 10.1080/13670050408667814
Klein, E. (1995). Second versus third language acquisition: is there a difference?
Lang. Learn. 45, 419–465. doi: 10.1111/j.1467-1770.1995.tb00448.x
Kovács, Á. M., and Mehler, J. (2009). Flexible learning of multiple speech
structures in bilingual infants. Science 325, 611–612. doi: 10.1126/science.
1173947
Lee, C., Gordon, M. K., and Büring, D. (eds). (2006). Topic and Focus: Cross-
Linguistic Perspectives on Meaning and Intonation, Vol. 82. Berlin: Springer.
Lew-Williams, C., and Saffran, J. R. (2012). All words are not created equal: expecta-
tions about word length guide infant statistical learning. Cognition 122, 241–246.
doi: 10.1016/j.cognition.2011.10.007
Liberman, M., and Pierrehumbert, J. (1984). Intonational invariance under changes
in pitch range and length. Lang. Sound Struct. 157, 233.
Liu, H., Tsao, F., and Kuhl, P. K. (2007). Acoustic analysis of lexical tone in
Mandarin infant-directed speech. Dev. Psychol. 43, 912–917. doi: 10.1037/0012-
1649.43.4.912
Ludden, D., and Gupta, P. (2000). “Zen in the art of language acquisition: statistical
learning and the less is more hypothesis,” in Proceedings of the 22nd Annual
Conference of the Cognitive Science Society (Hillsdale, NJ: Erlbaum), 812–817.
Majerus, S., Poncelet, M., van der Linden, M., and Weekes, B. S. (2008). Lexical
learning in bilingual adults: the relative importance of short-term memory
for serial order and phonological knowledge. Cognition 107, 395–419. doi:
10.1016/j.cognition.2007.10.003
Misyak, J. B., and Christiansen, M. H. (2007). “Extending statistical learning farther
and further: long-distance dependencies, and individual differences in statistical
learning and language,” in Proceedings of the 33rd Annual Meeting of the Cognitive
Science Society, eds D. S. McNamara and J. G. Trafton (Austin, TX: Cognitive
Science Society), 1307–1312.
Myers, J., Jusczyk, P. W., Kemler, N., Deborah, G., Charles-Luce, J., Woodward, A.
L., et al. (1996). Infants’ sensitivity to word boundaries in ﬂuent speech. J. Child
Lang. 23, 1–30. doi: 10.1017/S0305000900010072
Nation, R., and McLaughlin, B. (1986). Novices and experts: an information pro-
cessing approach to the “good language learner” problem. Appl. Psycholinguist. 7,
41–55. doi: 10.1017/S0142716400007177
Nazzi, T., Iakimova, G., Bertoncini, J., Frédonie, S., and Alcantara, C. (2006).
Early segmentation of ﬂuent speech by infants acquiring French: emerging
evidence for crosslinguistic differences. J. Mem. Lang. 54, 283–299. doi:
10.1016/j.jml.2005.10.004
Nazzi, T., Mersad, K., Sundara, M., Iakimova, G., and Polka, L. (2014). Early word
segmentation in infants acquiring Parisian French: task-dependent and dialect-
speciﬁc aspects. J. Child Lang. 41, 600–633. doi: 10.1017/S0305000913000111
Newport, E. L., and Aslin, R. N. (2004). Learning at a distance I. Statistical learning
of non-adjacent dependencies. Cogn. Psychol. 48, 127–162. doi: 10.1016/S0010-
0285(03)00128-2
Papagno,C., andVallar, G. (1995).Verbal short-termmemory and vocabulary learn-
ing in polyglots. Q. J. Exp. Psychol. 48, 98–107. doi: 10.1080/14640749508401378
Peabody, M., and Seneff, S. (2009). “Annotation and features of non-native
Mandarin tone quality,” in Proceedings of the 10th Annual Conference of the
International Speech Communication Association – INTERSPEECH, Brighton,
460–463.
Pelucchi, B., Hay, J. F., and Saffran, J. R. (2009). Statistical learning in a natural
language by 8 month-old infants. Child Dev. 80, 674–685. doi: 10.1111/j.1467-
8624.2009.01290.x
Saffran, J. R. (2003a). Absolute pitch in infancy and adulthood: the role of tonal
structure. Dev. Sci. 6, 35–43. doi: 10.1111/1467-7687.00250
Saffran, J. R. (2003b). Statistical language learning: mechanisms and constraints.
Curr. Dir. Psychol. Sci. 12, 110–114. doi: 10.1111/1467-8721.01243
Saffran, J. R., Newport, E. L., and Aslin, R. N. (1996a). Word segmentation:
the role of distributional cues. J. Mem. Lang. 35, 606–621. doi: 10.1006/jmla.
1996.0032
Saffran, J. R., Aslin, R. N., and Newport, E. L. (1996b). Statistical learning
by 8-month-old infants. Science 274, 1926–1928. doi: 10.1126/science.274.52
94.1926
Saffran, J. R., Johnson, E. K., Aslin, R. N., and Newport, E. L. (1999). Statistical
learning of tone sequences by human infants and adults. Cognition 70, 27–52.
doi: 10.1016/S0010-0277(98)00075-4
Saffran, J. R., Newport, E. L., Aslin, R. N., Tunick, R. A., and Barrueco, S.
(1997). Incidental language learning: listening (and learning) out of the cor-
ner of your ear. Psychol. Sci. 8, 101–105. doi: 10.1111/j.1467-9280.1997.
tb00690.x
Sanz, C. (2000). Bilingual education enhances third language acquisition: evi-
dence from Catalonia. Appl. Psycholinguist. 21, 23–44. doi: 10.1017/S0142716400
001028
Schön, D., Boyer, M., Moreno, S., Besson, M., Peretz, I., and Kolinsky, R.
(2008). Songs as an aid for language acquisition. Cognition 106, 975–983. doi:
10.1016/j.cognition.2007.03.005
Service, E., Simola, M., Metsänheimo, O., and Maury, S. (2002). Bilingual working
memory span is affected by language skill. Eur. J. Cogn. Psychol. 14, 383–408. doi:
10.1080/09541440143000140
Shen,X. S. (1992). On tone sandhi and tonal coarticulation.Acta Linguist. Hafniensia
25, 83–94. doi: 10.1080/03740463.1992.10412279
Shukla, M., Nespor, M., and Mehler, J. (2007). An interaction between prosody
and statistics in the segmentation of ﬂuent speech. Cogn. Psychol. 54, 1–32. doi:
10.1016/j.cogpsych.2006.04.002
Frontiers in Psychology | Language Sciences September 2014 | Volume 5 | Article 953 | 8
Wang and Saffran Statistical learning of a tonal language
Shukla, M.,White, K. S., and Aslin, R. N. (2011). Prosody guides the rapid mapping
of auditory word forms onto visual objects in 6-mo-old infants. Proc. Natl. Acad.
Sci. U.S.A. 108, 6038–6043. doi: 10.1073/pnas.1017617108
Thiessen, E. D., and Saffran, J. R. (2003). When cues collide: statistical and stress
cues in infant word segmentation. Dev. Psychol. 39, 706–716. doi: 10.1037/0012-
1649.39.4.706
Thiessen E. D., and Saffran, J. R. (2007). Learning to learn: infants’ acquisition of
stress-based strategies for word segmentation. Lang. Learn. Dev. 3, 73–100.
Toro, J. M., Sebastian-Galles, N., and Mattys, S. L. (2009). The role of perceptual
salience during the segmentation of connected speech. Eur. J. Cogn. Psychol. 21,
786–800. doi: 10.1080/09541440802405584
Turk-Browne, N. B., Scholl, B. J., Johnson, M. K., and Chun, M. M. (2010). Implicit
perceptual anticipation triggered by statistical learning. J. Neurosci. 30, 11177–
11187. doi: 10.1523/JNEUROSCI.0858-10.2010
Tyler, M. D., and Cutler, A. (2009). Cross-language differences in cue use for speech
segmentation. J. Acoust. Soc. Am. 126, 367–376. doi: 10.1121/1.3129127
Wayland, R. P., and Guion, S. G. (2004). Training English and Chinese listeners
to perceive Thai tones: a preliminary report. Lang. Learn. 54, 681–712. doi:
10.1111/j.1467-9922.2004.00283.x
Yip, M. (2002). Tone. Cambridge: Cambridge University Press. doi:
10.1017/CBO9781139164559
Conflict of Interest Statement:TheGuestAssociate EditorMargarita Kaushanskaya
declares that, despite being afﬁliated to the same institution as authors TianlinWang
and Jenny R. Saffran, the review process was handled objectively and no conﬂict of
interest exists. The authors declare that the research was conducted in the absence
of any commercial or ﬁnancial relationships that could be construed as a potential
conﬂict of interest.
Received: 03 May 2014; accepted: 10 August 2014; published online: 03 September
2014.
Citation: Wang T and Saffran JR (2014) Statistical learning of a tonal language: the
inﬂuence of bilingualism and previous linguistic experience. Front. Psychol. 5:953. doi:
10.3389/fpsyg.2014.00953
This article was submitted to Language Sciences, a section of the journal of Frontiers in
Psychology.
Copyright © 2014 Wang and Saffran. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these
terms.
www.frontiersin.org September 2014 | Volume 5 | Article 953 | 9
